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1 INTRODUCTION

The early work of Morison and Bassett (1945) strongly suggested that the thalamus generates co-
herent rhythmicity in the spindle frequency range (7-14 Hz). Since then the cellular correlates of
this thythmicity have been investigated in detail by in vivo and in vitro techniques (reviewed in
Steriade et al., 1993a, and Steriade et al. in this volume). The interaction between thalamocortical
(TC) and thalamic reticular (RE) cells is involved in the genesis of this rhythmic activity, but the
exact mechanisms are still uncertain and contradictory data remain to be resolved.

Andersen and Rutjord (1964) proposed a model of thalamic rhythmicity over thirty years ago
that depended on rebound bursts in thalamic neurons following inhibition. Although the anatom-
ical details of their model need to be revised, and much more in now known about the intrinsic
currents of thalamic neurons as well as their synaptic receptors, the primary mechanism for thala-
mic rhythmicity in their model is now believed to be substantially correct, based on a wide range of
experimental and theoretical studies. Computational models have been used to study the dynam-
ical behavior of single thalamic cells, which are sufficiently complex that the consequences of their
intrinsic ionic mechanisms are often difficult to predict. Based on precise voltage-clamp data for
these ionic currents, well-defined computational models have been used to explore the spatial and
temporal organization of coherent rhythmicity in networks of neurons in thalamic nuclei.

In this chapter, we review recent computational models for thalamic oscillations that were de-
veloped independently by several investigators. These thalamic models are more mature than those
developed for other parts the mammalian central nervous system, and are as mature as the best
models of invertebrate central pattern generators (Selverston, 1985). These advances should lead
to deeper insights into the physiological mechanisms of thalamic rhythmicity and form the basis for
studying more complex thalamocortical rhythms.

2 LOW-THRESHOLD SPIKES IN TC AND RE CELLS

The propensity of TC and RE cells to fire bursts of action potentials is greatly enhanced during
the onset of sleep (Steriade and Llinds, 1988). In both TC and RE cells, a voltage-dependent C'a®*
current underlies these busts of action potentials. Voltage-clamp studies in TC (Coulter et al., 1989)
and RE cells (Huguenard and Prince, 1992) have characterized the properties of this T-type Ca?*
current (I7), which is unusual in that the voltage ranges of activation and inactivation are relatively
hyperpolarized, in the range of -80 to -50 mV. As a consequence, IT can be activated below the
threshold for action potential generation in both TC and RE neurons, giving rise to low-threshold
spikes (LTS).

The presence of I endows TC and RE cells with highly complex response properties. In this
section, we summarize Hodgkin-Huxley type of models of I7 in TC cells (Wang et al. 1991) and RE
cells (Destexhe et al. 1993b) based on the kinetics of It (Coulter et al., 1989; Huguenard and Prince,
1992). The generation of the LTS in TC and RE cells, including I and the fast Na*/K* currents
responsible for fast action potentials, is shown in Figure 1.

In TC cells, the resting membrane potential is assumed to be near -60 mV, in agreement with
studies in vivo (Deschénes et al., 1984) and in vitro (Jahnsen and Llinds, 1984a; McCormick and
Pape, 1990a; Leresche et al., 1991). In some cases, however, the resting membrane potential of
these cells can be more negative (Soltesz et al., 1991; Huguenard and Prince, 1992). Due to the
low activation/inactivation voltage range of Ir, TC cells easily produce a LTS following injection
of a hyperpolarizing current pulses. This rebound-burst property underlies the electrophysiological
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TC

-63 mV

RE

-69 mV
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40 mV
200 ms
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Figure 1:

Low-threshold spikes in thalamocortical and thalamic reticular cells. In these simulations, single-compartment models
of TC and RE cells contained a leakage current, the low-threshold C'a?* current It and the fast Nat/K* currents
responsible for action potentials. The TC cell also contained I. Top: rebound burst in a TC cell following hyper-
polarizing current injection (-0.2 nA); Middle: rebound burst in a RE cell following hyperpolarizing current injection
(-0.2 nA); Bottom: burst in the same RE cell following depolarizing current injection (0.1 nA) starting from a lower
resting level which deinactivated Ir. The parameters of the currents were taken from Destexhe et al., 1993b and
Destexhe et al., 1996a, 1996b.

properties of these cells (see elsewhere in this volume). At sufficiently hyperpolarized values, Ir
deinactivates; the return of the membrane potential to around -60 mV is then accompanied by
activation of I, which can evoke a burst of action potentials. Simulations of typical rebound bursts
are shown in Figure 1.

In RE cells, the activation and inactivation characteristics of Ir are similar to those in TC cells,
but the kinetics were slower and the activation range was more depolarized than that of TC cells
(Huguenard and Prince, 1992). Using a Hodgkin-Huxley-type model of I in RE cells, we also
simulated the rebound-bursting properties of these cells (Fig. 1). The level of the resting membrane
potential of RE cells might be important in understanding the cellular mechanisms of rhythmicity
(see later discussion). In Fig. 1, a burst of action potentials could be obtained by depolarizing
currents if the RE cell was mamtamed at a hyperpolarized level.

Many models of LTS generation in TC cells have been proposed (Rose and Hindmarsh, 1985,
1989; Huguenard and McCormick, 1992; Lytton and Sejnowski, 1992; McCormick and Huguenard,
1992; Toth and Crunelli, 1992; Destexhe and Babloyantz, 1993; Destexhe et al., 1993a; Wang and
Rinzel, 1993; Wang, 1994; Wallenstein, 1995; Destexhe et al., 1996a). Similar model for RE cells
have also been studied (Destexhe and Babloyantz, 1992; Destexhe et al., 1993b; Wang and Rinzel,
1993; Destexhe et al., 1994a; Golomb et al., 1994; Wallenstein, 1994a; Destexhe et al., 1996a, 1996b).
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Voltage

40 mV

Normalized conductance 500 ms

h-current 0.2

T—-current

Figure 2:

Slow oscillations in thalamocortical cells from the interaction of two voltage-dependent currents. The model TC
cell consisted of a single compartment containing a the minimal set of currents for generating oscillatory behavior (a
leakage current, the low-threshold Ca?t current Iz and the hyperpolarization-activated current Iy; the fast Nat/K*
currents responsible for action potentials were not included). Rhythmic oscillations occurred through the interaction
between It and Ir. The bottom curves represent the normalized conductance (g/gmaz) Of both currents. The dashed
box shows the currents with 8-fold higher time resolution. Note that the T-current activation preceded the h-current
deactivation. The parameters of the currents were taken from Destexhe et al., 1993b.

All of these models have corroborated the assumption that the voltage-dependent properties of Ir,
as determined by voltage-clamp experiments, are sufficient to account for the rebound burst response
observed in these cells.

3 RuaYTHMIC FIRING OF SINGLE TC CELLS

In addition to having a prominent rebound-burst property, TC cells also display sustained oscilla-
tions. Experiments performed in cats ¢n vivo showed that TC cells generate clock-like rhythmicities
in the delta range (0.5-4 Hz) after removal of the cortex (Curré Dossi et al., 1992). Oscillations in
the same frequency range were also observed in TC cells in vitro (Leresche et al., 1990; McCormick
and Pape, 1990a; Leresche et al., 1991). These slow frequency oscillations consisted of rebound
bursts recurring periodically, and have been called “pacemaker oscillations” (Leresche et al., 1990,
1991).

These slow oscillations were resistant to tetrodotoxin, indicating that they arose from mecha-
nisms intrinsic to the cell. Further in vitro electrophysiological investigations have demonstrated the
existence of a mixed Na* /K™ current, I, that is responsible for anomalous rectification in TC cells
(Pollard and Crunelli, 1988; McCormick and Pape, 1990a). In voltage-clamp studies, I} is activated
by hyperpolarization in the subthreshold range of potentials and is involved in the generation of the
slow oscillations of TC neurons (McCormick and Pape, 1990a; Soltesz et al., 1991).

In order to better understand the interplay of Iz and I in generating oscillatory behavior in
TC cells, we developed a kinetic model of this current based on voltage-clamp data (Destexhe
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and Babloyantz, 1993); the kinetic scheme was similar to that introduced by Hodgkin and Huxley
(1952) for the fast sodium current, but with two independent activation mechanisms instead on one
and no inactivation. This kinetic model faithfully reproduced voltage-clamp data showing the slow
activation and rapid deactivation that is typical of I, (McCormick and Pape, 1990a).

The combination of Ir and I, produces robust oscillations (Fig. 2), as suggested by in wvitro
experiments (McCormick and Pape, 1990a; Soltesz et al, 1991) and confirmed by a number of
modeling studies (Lytton and Sejnowski, 1992; McCormick and Huguenard, 1992; Toth and Crunelli,
1992; Destexhe and Babloyantz, 1993; Destexhe et al., 1993a; Wang, 1994; Lytton et al., 1996b). In
Figure 2, we have represented the membrane potential together with the normalized conductance
of the two currents Iy and I;. The increase of membrane potential during an LTS deactivates Iy
relatively rapidly. The resulting hyperpolarization then slowly reactivates I, which progressively
increases the membrane potential until a new LTS occurs, and the cycle repeats.

In TC cells from cat studied in low-Mg¢*" medium in vitro, a few cells displayed waxing-and-
waning slow-frequency oscillations. These 0.5-3.2 Hz oscillations were composed of periods of 1-28 s
of oscillation that waxed and waned, separated by silent phases of 5-25 s duration. The waxing-and-
waning was resistant to tetrodotoxin, suggesting mechanisms intrinsic to the TC neuron. By analogy
with the waxing-and-waning of in vivo spindles, they have also been called “spindle-like oscillation”
(Leresche et al., 1990, 1991). However, in vivo spindles occur at a much higher intraburst frequency
(7-14 Hz) and depend on interactions with neurons of the thalamic reticular nucleus (Steriade and
Deschénes, 1984; Steriade et al., 1985, 1987, 1990), so they are quite distinct from the waxing-
and-waning slow oscillations seen in vitro. In vivo recordings of TC cells also show periods of
waxing-and-waning slow oscillations (see Fig. 12 in Steriade et al., 1993b).

Slow oscillations and waxing-waning oscillations can be observed in the same TC cell by altering
the h-current (Soltesz et al., 1991). Increasing the amplitude of I, by noradrenaline can transform
slow oscillations into waxing-and-waning oscillations; application of Cs*, an Ij, blocker, has the
opposite effect (Soltesz et al., 1991). No other current seems to be required to produce waxing-and-
waning oscillations and interactions between It and I}, are sufficient to produce them (Soltesz et al.,
1991).

As initially proposed by McCormick (1992), it is possible that a Ca** regulation of I}, is involved
in the genesis of waxing-and-waning oscillations. The model we studied was based on the Ca?*
modulation of Ij, in sino-atrial node cells (Hagiwara and Irisawa, 1989), suggesting that C'a?* ions
directly bind to I channels. A more recent investigation provided evidence for a C'a?* modulation
of I; in neocortical pyramidal cells (Schwindt et al., 1992). Ca?t ion may not bind directly to
It channels (Zaza et al., 1991) and an indirect modulation is more likely. Cyclic AMP may be a
good candidate since Ca®* is actively involved in regulating adenylate cyclase activity (reviewed in
MacNeil et al., 1985), and Iy, is sensitive to cyclic AMP (McCormick and Pape, 1990b; Akasu and
Tokimasa, 1992; DiFrancesco and Mangoni, 1994). The kinetics of this indirect modulation must be
slow, similarly to the Ca®*-dependent regulation of other types of channels. For example, a kinetic
analysis of the slow inactivation of NMDA receptors by intracellular C'a®* (Legendre et al., 1993)
reported relatively fast binding and very slow unbinding rates with a time constant of about 5 s.
Direct measurements of C'a®* binding to I, channels have not yet been made in thalamic neurons.

In order to check the plausibility of C'a®t involvement in waxing-and-waning, we have developed
simple kinetic models for the binding of Ca®* ions to the open form of the Ij, channel, either directly
(Destexhe et al., 1993a) or via a calcium-binding protein (Destexhe et al., 1996a). These models
reproduced the Ca?*-dependent shift of the activation curve of I observed in measurements from
sino-atrial node cells (Hagiwara and Irisawa, 1989). A slow unbinding rate was used, consistent
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Resting (-68 mV)

Delta

Figure 3:
Modes of rhythmic bursting in single thalamocortical cells that arise from the interplay of the I+ and I, currents. This
model consisted of a single compartment with a leakage current, Nat /K™ currents responsible for action potentials,
Ir, I and a Ca®* regulation of I, as schematized above. The membrane potential in the model is shown for (A)
resting behavior around -68 mV, (B) waxing-and-waning oscillations at 3.5-4.5 Hz with silent periods of 4 to 20 s,
and (C) sustained oscillations at 0.5-4 Hz. Waxing and waning oscillations are shown at higher magnification in

D. A-B-C were obtained by successively decreasing the maximal conductance of I,. Modified from Destexhe et al.,
(1996a).
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with other kinetic studies of a similar type of regulation (Legendre et al., 1993). As shown in
Fig. 3, the combination of I+ and Ca?*-dependent I; accounts for the waxing-and-waning of the
slow oscillations (Destexhe et al., 1993a, 1996a). The mechanism by which these oscillations arise
is the following: the TC cell starts to oscillate due to its intrinsic rhythmic properties. During the
oscillatory period, Ca®t enters at each burst and binds to I, augmenting its conductance more and
more as the oscillations proceed. The oscillations cease when the depolarization induced by Ca?*-
bound I prevent sufficient deinactivation of Ir. During the silent period C'a?** unbinding from I,
channels slowly repolarizes the membrane (as observed in vitro by Leresche et al., 1991) until the
oscillations can start again. For a more detailed analysis of the ionic mechanisms underlying these
oscillations, see Destexhe et al., 1993a, 1996a.

A progressive reduction of I conductance transformed sustained oscillations into waxing-and-
waning oscillations (Fig. 3), following the same progresion observed in TC cells in vitro (Soltesz et
al., 1991). Dynamical systems analysis using a phase plane diagram showed that the waxing-and-
waning oscillations arose when I, entrained the system alternately between stationary and oscillating
branches (Destexhe et al., 1993a). The coexistence of the different modes could also be explained
by the same diagram.

Other models have been proposed to account for the waxing-and-waning oscillations in TC cells,
in addition to the hypothesis that Ca?*t regulates Ij, (Crunelli et al., 1993). Wallenstein (1995) has
considered self-regulation of I, by adenosine released in an activity-dependent manner. However, the
adenosine-dependence of Ij, in TC cells (Pape, 1992) produces a progressive depolarization during
the interspindle silent period, which is inconsistent with the progressive hyperpolarization observed
experimentally (Leresche et al., 1991; Bal and McCormick, 1995). Other mechanisms might be
responsible for these oscillations, such as an indirect regulation of Ij, by Ca?*, which might occur
through other second messengers, or calcium-binding proteins (Destexhe et al, 1996a). It was recently
reported that hyperpolarization by current injection during the silent period can reset the spindling
behavior (T. Bal. and D.A. McCormick, personal communication), suggesting a voltage-dependence
to the mechanism responsible for the slow recovery.

Another class of model for waxing and waning oscillations is based on the interaction between
It, I, and a slow potassium current Ix; (Destexhe and Babloyantz, 1993), or on the interactions
between I, I, and a Ca®t-activated potassium current Ikjc, (Destexhe and Babloyantz, 1993;
Hindmarsh and Rose, 1994b). Although these models were based on currents identified in TC
cells, and despite the presence of a progressive hyperpolarization during the interspindle period, the
frequency exhibited was on the order of 10 Hz, which is much higher than the 0.5-4 Hz frequency
range observed experimentally (Leresche et al., 1991).

In summary, the whole spectrum of resting and oscillatory states observed in TC cells in vitro can
be reproduced from model based on the interaction of Iz, I and intracellular Ca?*. The dynamics
depends on the amplitude of Ij, conductance: (a) For very weak values of the I, conductance, the cell
has a stable hyperpolarized resting state, close to -80 mV. (b) For weak to moderate I, conductances,
the interplay of Ir and I, produces oscillations in the delta frequency range (0.5-4 Hz). (c) For
higher I;, conductances, the slow oscillations wax and wane with inter-spindle periods on the order
of tens of seconds. (d) For the highest ) conductances, the TC cell maintains a depolarized resting
state around -60 mV. This latter state is the closest to the threshold for action potentials.

These four modes of activity of the TC cells were reproduced when [I;, was modeled by double-
activation kinetics regulated by intracellular Ca®*. Such a double activation component was recently
observed from voltage-clamp measurements of I; in other neurons (Solomon and Nerbonne, 1993;
Solomon et al., 1993). However, a more conventional activation scheme for the voltage-dependence
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of Iy together with C'a®* regulation gave rise to similar patterns of activity (Destexhe et al., 1996a).

Since the whole spectrum of oscillatory states is accessible in the same TC cell through changes
in Iy, this current becomes a pressure point for regulation. This current is a known target for many
neuromodulators, including noradrenaline and serotonin (McCormick and Pape, 1990b; Soltesz et al.,
1991), histamine (McCormick and Williamson, 1991), adenosine (Pape, 1992), and opioids (Ingram
and Williams, 1994). These neuromodulators probably act through cyclic AMP, as suggested by
the marked effect of cyclic AMP on the voltage-dependence of I;, (DiFrancesco and Mangoni, 1994).
These data and models are consistent with the hypothesis that the control of arousal by these
neuromodulators (McCormick, 1992; Chapters 8 and 9 in Volume 1 of this series) operates on TC
cells mainly by modulating I, and leak K* currents. The models suggest that the modulation of
I, is in a critical position to control the different types of resting and oscillatory modes of these
neurons.

4 RuavyTHMIC FIRING IN SINGLE RE CELLS

RE neurons, like TC cells, are characterized by rhythmic firing properties, but in contrast to TC
cells, they rarely display sustained oscillations. Typically, sequences of rhythmic bursts at 7-12 Hz
can be evoked by injection of current pulses (Avanzini et al., 1989; Bal and McCormick, 1993), or
by stimulating excitatory afferents (Contreras et al., 1993; Huguenard and Prince, 1994b).

The resistance of these oscillations to tetrodotoxin indicates that they are due to mechanisms
intrinsic to the cell. Recordings from RE neurons in vitro revealed the presence of Ir and two
Ca**-activated currents, a K+ current, Ix{c4], and a non-specific cation current, Igan, both with
slow kinetics (Bal and McCormick, 1993). Ik|c, and Igan are likely to be activated in the same
range of subthreshold membrane potentials within which C'a?* enters through Ir channels. In vitro
experiments show that the rhythmic behavior of RE cells arises from the interaction between Ir,
Ixicq) and Ioan (Bal and McCormick, 1993).

We have modeled oscillatory behavior in RE cells and included simple kinetic schemes for Ixjgq
and Igan (Destexhe et al., 1993b), in which Ca?t ions directly bind to the closed form of the
channel leading to its opening. The kinetic rates of activation/deactivation of these currents were fit
to voltage-clamp and current-clamp recordings of RE cells (Huguenard and Prince, 1992; Bal and
McCormick, 1993).

As suggested by current-clamp experiments in RE cells (Avanzini et al., 1989), the interplay of I
and Ikjcq) produces rhythmic oscillations. The model indeed demonstrates that the combination of
these two currents can produce very robust rhythmic bursting (Fig. 4). In this case, the rhythmical
activity depends on the C'a®* entry following a LTS: Ca®* activates Ix|c,), which then hyperpolarizes
the membrane and deinactivates Ir. When the membrane depolarizes due to the deactivation of
Ix[ca), a new LTS is produced and the cycle repeats. The robustness of this mechanism was confirmed
in several modeling studies (Destexhe et al., 1993b; Wang and Rinzel 1993; Destexhe et al., 1994a;
Hindmarsh and Rose, 1994a; Wallenstein, 1994a).

Another characteristic of RE cells is that the sequence of bursts is often terminated by a tonic
tail of spikes, as observed in vitro (Avanzini et al., 1989; Bal and McCormick, 1993) and in wvivo
(Domich et al, 1986; Contreras et al., 1993). Bal and McCormick (1993) have suggested that this
behavior can be explained by the slow activation of the nonspecific cation current, Ioay.

In the model, the activation of Igany accelerated the rising phase of the burst and increased
the frequency of the rebound burst sequence. The presence of Ipan also terminated the oscillatory
behavior by producing a tonic tail of spikes before the membrane returned to its resting level. The




June 10, 1996 10

Voltage

Normalized conductance

100 ms
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Figure 4:

Model of rhythmic oscillations in single thalamic reticular cells. This simulation was performed with a model based
on a single compartment containing a minimal set of currents for generating oscillatory behavior (I, Ikica), Ican
and submembranal Ca?*; fast Nat/K+ currents for generating action potentials were not included). The interplay
between the two currents Ir and Ik[cg) is responsible for this type of oscillatory behavior. The bottom curves

represent the normalized conductance (g/gmas) for these currents. The kinetic parameters of the currents can be
found in Destexhe et al., 1993b, 1994a.

relative values of gkjce and goan modulated both the frequency and the relative importance of
rhythmic bursting relative to tonic tail activity (Fig. 5; Destexhe et al., 1993b; 1994a). These results
were confirmed in another modeling study (Wallenstein, 1994a).

The firing pattern of RE cells is under the control of several neuromodulators (reviewed in Mc-
Cormick, 1992). Electrophysiological experiments have shown that acetylcholine affects the firing
pattern of RE cells by activating a leak K* current (McCormick and Prince, 1986) whereas no-
radrenaline (NE) and serotonin (5HT) depolarize thalamic cells by blocking a leak K* current
(McCormick and Wang, 1991). We consider here the action of NE and 5HT on the firing properties
of RE cells through leak K* currents, while other possible effects of these neuromodulators were not
considered.

Both detailed and simplified models of the G-protein transduction mechanism mediating the
action of neuromodulators such as NE and 5HT were included in a recent modeling study (Destexhe
et al., 1994d). The simplified kinetic scheme assumed that the opening of the K* channel was slow
compared to the time course of G-protein activation, and the time course of the second messenger
was a pulse of long duration (80 to 100 ms). This simplified model was able to accurately fit
averaged GABAp currents (Destexhe et al., 1994d), which share a similar G protein-based activation
mechanism.

In a similar model of a single RE cell, the leak K* current, active at rest, was placed under the
control of NE/5HT synapses. We considered three different levels of NE/5HT activity (Fig. 6). First,
a hyperpolarized resting level of -65 to -75 mV, similar to in vitro conditions where no NE/5HT
synapses are activated (Fig. 6). In the second case had a more depolarized resting level of -60 to
-70 mV, in which about 20% of the leak K* current was blocked. This depolarized resting potential
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~70 mV

40 mv

250 ms

Figure 5:

Rhythmic firing patterns in thalamic reticular neurons modeled by the interplay between three intrinsic currents.
These simulations included the currents used in Fig. 4, and the fast Nat/K* currents responsible for action potentials
were added. Rhythmic bursting occurred following the interaction between Ir, Ik(cq) and Ican (see scheme above).
The rebound bursts were evoked by injection of a hyperpolarizing current pulse (arrow). The character of the rhythmic
bursts depended on the relative values for the conductances of Ix[cq) and Ican: (A) Rhythmic bursting in the absence
of Ican; (B) rhythmic bursting for weak Ican; and (C) rhythmic bursting having a prominent tonic tail of spikes
for stronger Ican. Modified from Destexhe et al., 1994a.
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Figure 6:

Noradrenergic/serotonergic regulation of the firing mode of thalamic reticular cells. Simulation of a single RE cell
with five noradrenergic synapses. (A) Five top traces show the presynaptic activity of the NE/SHT synapses. (B)
Membrane potential of the RE cell. (C) Bursts of action potentials shown at higher temporal resolution. Three
successive 3-second periods of different level of NE/5HT activity are shown, during which a hyperpolarizing current
pulse was injected; the two first pulses elicited repetitive bursting response whereas the third pulse only slowed the
frequency of repetitive spiking. Modified from Destexhe et al., 1994b.
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corresponded to weak NE/S5HT activity (one out of five synapses was activated). In the third case,
when all NE/5HT synapses were activated, a tonic spike activity resulted from the block of virtually
all leak Kt current in the cell (Fig. 6B).

These three states correspond to different modes of intrinsic firing properties of the RE cell:
for both hyperpolarized and depolarized resting states, injection of hyperpolarizing current pulses
resulted in a sequence of rebound bursts occurring rhythmically at a frequency of 6-10 Hz (Fig. 6).
This bursting activity resulted from the interaction between I and Ikjcq], as described previously.
During tonic spike activity, injection of the same current pulse only slowed down the frequency of
action potentials.

In summary, the simple kinetic schemes in the RE model can account for the most salient
features of the rhythmic properties of these cells. The different types of firing patterns that have
been observed can be understood as arising from different balances between the conductances of I,
Ixicq) and Iogn. These currents organize bursting oscillations in the 9-11 Hz frequency range, which
terminate in a tonic tail. In addition, the control of leak Kt conductances by neuromodulators can
switch the cell between tonic and bursting activity.

5 SPINDLE OSCILLATIONS FROM THE TC-RE Loor

In this section, we show how computer models can be used to explore possible mechanisms of
interaction between two types of cells having complex firing properties, namely TC and RE cells. In
particular, we investigate the genesis of spindle oscillations based on recordings in ferret thalamic
slices (von Krosigk et al., 1993; Bal et al., 1995a, 1995b). These in wvitro spindles consisted of
sequences of 5-9 Hz rhythmic bursting separated by silent periods of 3 to 30 s. The occurrence of
these spindles depended critically upon the presence of both TC and RE cells and the integrity of
synaptic connections between them.

Models of synaptic currents were based on the kinetics of postsynaptic receptors (Destexhe et al.,
1994c, 1994d). In patch-clamp experiments with fast perfusion techniques, short pulses of artificially-
applied neurotransmitter evoked synaptic currents similar to those observed in intact synapse when
pulses of 1 ms duration and 1 mM (Colquhoun et al, 1992) were used. In the model, a brief pulse of
neurotransmitter was released from presynaptic neuron whenever a spike occurred; the neurotrans-
mitter then increased transiently the opening of ionic channels of the postsynaptic receptors. Simple
kinetic schemes reproduced accurately the time course of several types of postsynaptic receptors,
such as the glutamate AMPA /kainate and NMDA types, or the GABAergic GABA 4 receptor (Des-
texhe et al., 1994d). The models were directly fit to postsynaptlc currents obtained in whole-cell
recordings from hippocampal neurons.

We first studied a simple circuit that consisted of a pair of interconnected TC and RE cells,
as shown in Fig. TA. The excitatory synapse from the TC cell to the RE cell was mediated by
AMPA /kainate glutamate receptors and the inhibitory synapse from the RE to the TC cell was
modeled by GABA 4 receptors as identified in ferret thalamic slices (von Krosigk et al., 1993). The
PSPs corresponding to these currents are shown in Fig. 7B.

An interacting pair of cells in the model exhibited 8-10 Hz waxing-and-waning oscillations
(Fig. 7C-D). The TC and RE cells in the model showed mirror images that are typical of during sleep
spindles observed in intracellular recordings of thalamic cells in different preparations (Steriade and
Llinas, 1988; von Krosigk et al., 1993). The spindle oscillations began in the TC cell in a manner
very similar to the waxing-and-waning slow oscillations of isolated TC cells (compare to Fig. 3B).
As the oscillation began, the first burst of spikes in the TC cell elicited a series of excitatory PSPs
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Figure 7: _

Model of 8-10 Hz spindling in a pair of interconnected TC and RE cells. (A) Schematic drawing of the connections
between the two types of cells. (B) Excitatory (glutamate) and inhibitory (GABA) postsynaptic potentials. (C)
Sequence of spindle oscillations obtained from the interacting TC and a RE cell. The fraction of I;, channels bound
to intracellular Ca?t and the membrane potential of RE and TC cells are shown from top to bottom. For each cell,
an inset shows two bursts at higher temporal resolution (magnification x 10). EPSPs on the RE cell are indicated by

arrows. D. Sequences of spindles in the TC cell from the same model on a longer time scale. Modified from Destexhe
et al., 1993b.
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which activated It in the RE cell. The RE cell started bursting at 8-10 Hz and entrained the
TC cell to this oscillation, but the feedback of the TC cell was necessary to maintain the 8-10 Hz
rhythmicity. This was supported by another modeling study showing that TC cells were unable to
generate oscillations in the 8-10 Hz range without the help of EPSPs/IPSPs from other structures
(Lytton et al., 1996b).

In the TC-RE circuit, at each cycle of the oscillation, Ca?* bound to the I channels in the
TC cell and shifted the voltage activation curve for I}, leading to the cessation of oscillations in a
manner similar to the waxing-and-waning slow oscillations in isolated TC cells.

This 2-cell model reproduced many of the properties of spindle oscillations observed in slices
(von Krosigk et al., 1993; Bal et al., 1995a, 1995b). In particular, block of GABA4 receptors by
application of bicuculline transformed the spindle behavior by slowing down the frequency to 2-
4 Hz (von Krosigk et al., 1993). Further application of a GABAp receptor antagonist abolished
these slowed oscillations, indicating that they were mediated by GABApg IPSPs. We could reproduce
the slow synchronized oscillations in the model by either slowing down the decay time of a single
GABAergic current (Destexhe et al., 1993b) or by blocking of the GABA4 current when both
GABA 4 and GABARp receptors were modeled in the RE-to-TC interaction (see Section 7).

However, blocking all GABAergic conductances does not lead to the cessation of oscillatory
activity in this model because the TC cell needs to have spontaneous oscillatory activity: this may
be relaxed in models of larger networks where there is a range of intrinsic properties among the
TC cells, as observed in witro (Leresche et al., 1991). There could be differences in the resting
membrane potentials of the cells, as would occur if they had different values of I, conductance, as
we suggest. Even if most of TC cells are in a “relay” mode, with a depolarized resting membrane
potential around -60 mV, some TC cells could oscillate spontaneously due to a reduced I} maximal
conductance. This is consistent with current-clamp recordings in TC cells in vitro (McCormick and
Pape, 1990b; Leresche et al., 1991; Soltesz et al., 1991), in which both resting and spontaneously
oscillating TC were found. Such an inhomogeneity of the properties of TC cells may account for the
initiation and propagation of spindle activity, as shown below.

In Fig. 8, a simple circuit of two TC and two RE cells are shown. The two TC cells have different
parameters. The “initiator” cell (T'C1 in Fig. 8) induced rhythmicity in the otherwise quiescent
circuit. The oscillation could also be started by extrinsic mechanisms such as external stimulation
of any TC or RE cell in the system (not shown). The resting TC cell (TC2 in Fig. 8) acted as a
conditional oscillator: although it did not oscillate spontaneously, Iz and Ij, were still present in the
cell and it was able to participate in oscillatory behavior.

The spontaneously oscillating TC cell (TC1 in Fig. 8) started oscillating and recruited the two
RE cells, which in turn recruited the resting TC cell (T'C2). The oscillation in the whole system
was maintained at a frequency of 6-9 Hz during the spindle. After a few cycles, the Ca?*-induced
augmentation of I, conductance depolarized the membrane in both TC cells and the oscillation
stopped. After a silent period of 10-20 s, the spontaneously oscillating T'C cell started to oscillate
and the cycle repeated.

The phase relationships between the TC and RE cells could be used to assess causal relationships.
In Fig. 8, the initiator TC cell (TC1) started oscillating first and entrained both RE cells. However,
the other TC cell always started spindling with an IPSP and followed the RE cells. If follower T'C
cells constituted the majority of the TC population, then comparing RE cells with this type of TC
cell could lead to the misleading interpretation that RE cells start spindle oscillations. The model
therefore suggests that, even if the overwhelming majority of TC cells start spindles with IPSPs, the
spindle sequence can still be initiated by a small minority of initiator TC cells.
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Figure 8:

Spindle oscillations in a four-neuron network of two thalamocortical and two thalamic reticular cells, connected as
shown in the top diagram. One TC cell (TC1) spontaneously oscillated (initiator cell) and the second TC cell (TC2)
was in a resting mode; the two RE cells were identical. Synaptic currents were mediated by AMPA /kainate receptors
(from TC to RE), both GABA4 and GABAp receptors (from RE to TC) and only GABA 4 receptors (between RE
cells). A. Spindle oscillations arose as the first TC cell (TC1) started to oscillate, recruiting the two RE cells, which
in turn recruited the second TC cell. The oscillation was maintained for a few cycles but died out and was repeated

after a silent period of 10-20 s. B. Initial bursts of the same cells shown at 10 times higher time resolution. Modified
from Destexhe et al. (1996a).
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Burst firing patterns are another characteristic property of spindle oscillation. As seen in Fig. 8,
the RE cells oscillated at a frequency close to 10 Hz, whereas the TC cells burst rhythmically at a
lower frequency, around 5 Hz. This “intermittent bursting” phenomenon is observed in intracellular
recordings of TC cells during spindle oscillations (Andersen and Andersson, 1968; Steriade and
Llinés, 1988; Muhlethaler and Serafin, 1990; von Krosigk et al., 1993; Bal et al., 1995a). The
mechanism underlying intermittent bursting was described in a model based on the presence of
I, (Kopell and LeMasson, 1994) and the same mechanism applies to TC neurons (Wang, 1994;
Wang et al., 1995). We observed the same phenomenon in the 4-neuron model when the strength
of GABAergic (RE to TC) conductances was strong conductances, and each IPSP was powerful
enough to elicit a rebound bursts. In this case, spindling could be generated with only a single pair
of TC and RE cells (Fig. 7). For weaker inhibitory conductances, not all IPSPs may evoke rebound
bursts, with the consequence that at least two cells of each type are needed in a minimal model of
spindling (Fig. 8).

In vitro experiments show that blocking T'C-RE synaptic interconnections suppresses oscillatory
behavior in both TC and RE cells (von Krosigk et al., 1993; Bal et al., 1995a, 1995b). The present
model is compatible with this result if resting TC cells are typical of the majority of the TC pop-
ulation. After blocking all synaptic receptors, only the few spontaneously oscillating TC cells will
continue to oscillate, but all other TC cells and RE cells will remain silent.

This model of interaction between two TC cells and two RE cells can be scaled up to larger
networks. In Fig. 9, a model with 50 TC and 50 RE cells is shown having the same types of cells and
synaptic receptors as in Fig. 8. Only one spontaneously oscillating TC cell was present (TC1) and
all other TC cells were in a resting, or relay mode, but all the RE cells were identical. The behavior
of the 100-cell network was similar to that observed in the 4-cell network: the “initiator” TC cell
(TC1 in Fig. 9) started oscillating spontaneously and recruited neighboring RE cells, which in turn
recruited other TC cells, which recruited additional RE cells at the next cycle, etc. These progressive
to-and-fro interactions between cells in the TC and the RE layers recruited additional cells into the
spindle oscillation on every cycle through lateral interactions. The whole system oscillated at a
frequency of 8-10 Hz. After a few cycles, the Ca’**-induced augmentation of I, conductance in
TC cells stopping the oscillation. After a silent period of 10-20 s, the spontaneously oscillating cell
started to oscillate again and the cycle repeated.

Although the 100-cell network contained mechanisms identical to those used in the 4-cell network,
the topographically restricted connectivity between the TC and RE layers supported additional
propagating wave phenomena. Qualitatively similar behavior was observed with different sets of
parameters as long as the connectivity was topographically organized (not shown). The model
therefore suggests that this type of local connectivity is critical for propagating phenomena. At each
cycle of the oscillation, a larger pool of either TC or RE cells were recruited in the spindle oscillation.
This suggests that the propagation velocity may reflect the number of cells recruited at every cycle,
and therefore should be a function of the divergence of the connectivity, and the ability of one cell
to fire another.

The spatiotemporal portrait of these oscillations is shown in Fig. 10. During the oscillation,
groups of cells segregated into localized clusters of activity that discharged in alternation. This
phenomenon was related to the subharmonic bursting properties of TC cells which do not allow the
whole network to fire in unison at around 10 Hz. Individual clusters of activity also propagated with
the same velocity as the whole oscillation. The spindles in the model were composed of a series of
successive clusters of activity that followed each other and propagated through the TC-RE network.
The cluster of activity constituting the front of the oscillation can be seen clearly from the top series
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Figure 9:

Spindle oscillations in a network of 50 thalamocortical and 50 thalamic reticular cells. A. Diagram of connectivity
between TC and RE cells with localized axonal projections. Axons from TC cells ramified in the RE nucleus and
contacted a local patch of 5 RE cells (10% of the RE cells in the network). Axons from RE cells contacted TC
cells with the same fan-out and also had collaterals onto neighboring RE cells. The connectivity was translationally
invariant, so each cell had the same projections as the representative ones shown here. TCl was a spontaneously
oscillating cell, whereas all other TC cells were in resting mode. B. Spindle oscillations at various sites of the network.
Averaged membrane potentials were computed from 10 neighboring TC cells taken at 8 equally spaced sites. C.
Membrane potential of 4 TC (4 bottom traces) and 4 RE cells (upper traces) from the same simulation as in B (Cells
10,20,30,40). The propagating waves in these simulations were similar to those observed in vitro (Kim et al., 1995).
Modified from Destexhe et al. (1996a).
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of frames in Fig. 10.

The waxing-and-waning of the spindle oscillation in the model is caused by factors intrinsic to
the TC cells. The ability of the RE cell to fire the TC cell gradually diminished, until oscillations
could no longer be sustained. In our model, the primary factor for the waning was the binding of
intracellular C'a®t to Ij,, which progressively augmented the I, conductance on each cycle, until the
TC cell failed to oscillate. This is consistent with the increase of conductance observed in TC cells
at the end of the spindle oscillation (Bal and McCormick, 1995; Nuiiez et al., 1992).

Progressive recruitment between TC and RE cells was also observed in other thalamic models
based on different types of kinetics for the ionic currents (Golomb et al., 1994; Wang et al., 1995;
Golomb et al., 1996). In these models, there was no mechanism included to produce the waxing-and-
waning seen in thalamic spindles, so the TC-RE oscillations were sustained. However, the leading
edge of the traveling waves in their model had properties that were quite similar to those observed
in the more detailed model presented here, suggesting that some general properties may be robust.
They also analyzed the influence of the connectivity between the TC and RE cells in this model
(Golomb et al., 1996) and concluded that the localized axonal projections could account for the
propagation velocities of spindle oscillations, in agreement with the model shown in Fig. 9.

The results of modeling thalamic oscillations are entirely consistent with in vivo and in vitro
recordings of spindle oscillations in different preparations. They also account for the pharmacological
properties of spindle oscillations as determined from thalamic slices (von Krosigk et al., 1993). In
particular, the models and experiments support the hypothesis that the kinetics of intrinsic currents
and synaptic receptors present in the TC-RE loop generate waxing-and-waning spindle oscillations.

The models also suggest that spindle oscillations critically depend on the presence of robust
bursting properties in both TC and RE cells, as well as on the integrity of the synaptic connections
between them. However, the observation of splndle rhythmicity in the deafferented RE nucleus in
vivo (Steriade et al., 1987) is contrasting with this view. We show in the next section how modeling
can be used to test a plausible way to reconcile these observations.

6 SPINDLE RHYTHMICITY IN THE ISOLATED RE NUCLEUS

Experiments in cats in vivo have shown that cortically-projecting thalamic nuclei loose their ability
to generate spindle oscillations if they are deprived of input from the reticular thalamic (RE) neurons
(Steriade et al. 1985) and that the RE nucleus can itself generate spindle rhythmicity if it is severed
from thalamic and cortical afferents (Steriade et al. 1987). However, in vitro recordings show that
slices of the RE nucleus devoid of connections with TC cells do not oscillate spontaneously (Avanzini
et al, 1989; von Krosigk et al., 1993; Huguenard and Prince, 1994b; Warren et al., 1994; Bal et al.,
1995b). In thalamic slices containing interconnected TC and RE nuclei, spindle oscillations are
suppressed in both types of neurons if their interconnections are either physically cut, or inactivated
by application of antagonists (von Krosigk et al., 1993; Bal et al., 1995a, 1995b).

How can these apparently contradictory experimental results be reconciled? Is it possible that
a network of RE cells interconnected with mutually inhibitory synapses may produce oscillations
similar to those observed in vivo? We first investigated a simple system of two interconnected RE
neurons, then extended the model to two-dimensional networks of RE cells. The synaptic currents
were based on kinetic models of the postsynaptic receptors (Destexhe et al., 1994d) that were similar
to those presented in the previous section.

A simple circuit that consists of a pair of interconnected RE cells with GABA, synapses is
shown in Fig. 11. The interconnections were mediated by GABA,4 receptors, in agreement with
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Figure 10:

Spatial patterns of burst discharges during spindle oscillations in the 100-cell network model. The spatial activity of
the network is represented as a series of snapshots of activity. A series of successive frames is shown for an entire
spindle sequence (320 frames with 10 ms between frames; sequence indicated by a dashed line in Fig. 9B-C). The
activity consisted of a series of distinct clusters of activity propagating in the same direction. The initiation of the
spindle sequence is expanded on bottom left. For each snapshot, 50 TC and 50 RE cells were displayed vertically as
indicated (middle scheme at bottom). The value of the membrane potential for each neuron was coded using a color
scale ranging in 10 steps from -90 mV (blue) to -40 mV (yellow). Modified from Destexhe et al. (1996a).
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Figure 11:
Two interconnected RE cells are capable of sustained oscillations although they do not oscillate individually. Two
single-compartment RE neurons (as in Fig. 5) were interconnected with GABA 4 synapses. The diagram of connec-
tivity is shown on the left and traces from simulations of the two neurons are shown on the right. (A) Reciprocal
interactions produced oscillations in which a sequence of rhythmic bursts are alternating in the two cells. (B) The

addition of self inhibitory connections produced more synchronized oscillations. Vertical calibration bars are from
-100 to -50 mV. Modified from Destexhe et al., 1994a.

a number of electrophysiological studies (McCormick and Prince, 1986; Spreafico et al., 1988; Bal
and McCormick, 1993; Destexhe et al., 1994a; Bal et al., 1995b). This two-neuron system displayed
spontaneous oscillations if the GABAergic conductances were sufficiently strong. If self-connections
were included, the two RE neurons oscillated synchronously in the 6-9 Hz range, with one neuron
firing every two cycles.

We also investigated the dynamics of a system of 100 RE neurons organized in a two-dimensional

‘array with local connectivity, a better approximation to the organization of the RE than full con-

nectivity. “Dense proximal connectivity” was used, in which each neuron projected to all other
neurons within some radius, as shown in Fig. 12A. The activity in the network with fan-ins from
and fan-outs to 25 neighboring neurons showed a complex, oscillatory dynamics at a frequency
of 6.5-9 Hz (Fig. 12B-C). Analysis of the snapshots of activity of the network revealed a 6.5-9 Hz
subthreshold oscillation which was the major oscillatory component of the average membrane poten-
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tial. In addition, the average membrane potential displayed alternating periods of synchronized and
desynchronized activity (Fig. 12C), reminiscent of the waxing-and-waning field potentials recorded
in the isolated RE in vivo (Steriade et al., 1987). During these waxing-and-waning fluctuations of
amplitude, the activity of neurons in the network alternated between periods of coherent oscillatory
activity, characterized by well defined propagating waves, and periods of less coherent activity, in
which the patterns of spatiotemporal activity were less well organized (Fig. 12B).

Networks of inhibitory neurons exhibiting post-inhibitory rebound have been used to model cen-
tral pattern generators in motor systems (Perkel and Mulloney 1974; Rowat and Selverston, 1993).
Previous models of the RE nucleus have used synaptic interactions described by sigmoid-type of
coupling, which assumed a smooth transformation between the presynaptic voltage and the postsy-
naptic conductance in the synapse (Destexhe and Babloyantz, 1992; Wang and Rinzel, 1992, 1993).
One of these models (Wang and Rinzel, 1992, 1993) demonstrated the presence of synchronized
oscillations if the decay of the synaptic current was sufficiently slow. Another model (Destexhe and
Babloyantz, 1992) showed that synchronized rhythms could be observed if the connectivity between
neurons were not restricted to immediate neighbors, but rather to a more extended population of
neighboring cells. Similar oscillatory states were also reported from other network models (Golomb
and Rinzel, 1994; Golomb et al., 1994). However, the oscillations in these models have global syn-
chrony and are quite different from the oscillations observed in the average membrane potential from
the model described above (Destexhe and al., 1994a). In the latter model, fluctuations of the phase
relationships between individual neurons gave rise to waxing-and-waning average activities, similar
“ to the type of spindle rhythmicity observed in the isolated RE nucleus in vivo (Steriade et al., 1987).

We have shown that the same model can predict both TC-RE spindling activity and spindle
rhythmicity in the isolated RE nucleus. However, an explanation is still needed for why the isolated
RE does not show spontaneous oscillations in vitro (Avanzini et al, 1989; von Krosigk et al., 1993;
Huguenard and Prince, 1994b; Warren et al., 1994; Bal et al., 1995b). A possible explanation for
these discrepancies is based on the effect of neuromodulators on RE cells (Destexhe et al., 1994b).

In Fig. 6, we illustrate how neuromodulators, such as NE and 5HT, can control the level of the
membrane potential in RE cells. Starting with the RE network model described above, we assumed
that the leak Kt current was controlled by 5 NE/5HT synapses in each cell, as in Fig. 6. When
the level of NE/5HT activity was 20%, the resting membrane potential of the RE cells (Fig. 13) had
the same behavior as for the simulations shown previously (Fig. 12). However, if this noradrener-
gic/serotonergic input is suppressed, the network no longer sustained oscillations (Fig. 13).

The sensitivity of the oscillations to the membrane potential depended on the relative values of
the resting level and the chloride reversal potential F¢; (which provided the driving force for the
GABA 4 receptors). If the resting level was too close to E¢y, the resulting shunting inhibition failed
to trigger a rebound burst in the RE cell. However, if the resting level was maintained higher, for
example through the action of neuromodulators, then the driving force of the IPSPs could trigger
LTSs in RE cells and the network then showed sustained oscillations.

This interpretation is supported by data showing that the resting membrane potential of RE cells
in wvitro is relatively hyperpolarized (—71.2 & 6.0 mV in Huguenard and Prince, 1994b). Another
consistent piece of evidence is that under various anesthetics for which spontaneous oscillations were
reported in the isolated RE in vivo (Steriade et al., 1987), the resting membrane potential of cat RE
cells was relatively depolarized (—63.8 & 1.2 mV in Contreras et al., 1993).

Thus, the presence of a weak neuromodulatory drive may explain why the isolated RE nucleus
oscillates in vivo but not ¢n vitro. The model predicts that spontaneous sustained oscillations could
be observed in slices of the RE nucleus if the resting level of RE cells could be brought to more
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Figure 12:

Three networks with 100, 400 and 1600 interconnected RE cells show population rhythmicity with waxing-and-
waning amplitude fluctuations. (A) Pattern of connectivity: a given RE neuron (black) connected with 24 other RE
cells (dark gray) and itself. (B) Snapshots of activity in a 100 neuron network shown with the average membrane
potential. Each square frame represents a snapshot of the 100 RE neurons, arranged in a 10 x 10 array. The value of
the membrane potential for each neuron is shown as a gray scale ranging in 10 steps from -90 mV" (white) to -60 mV
(black). Membrane potentials higher than -60 mV are shown in black. The time step between frames is 40 ms.
(C) Average membrane potentials for networks with N = 100, N = 400 and N = 1600 neurons. For N = 400 and
N = 1600, the local average membrane potential was obtained by averaging over a disk of 113 neurons in the center

of the network. Vertical calibration bars for the average membrane potential traces are from -80 mV to -70 mV.
Modified from Destexhe et al., 1994a.
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Oscillations in a model of the isolated RE nucleus are sensitive to the membrane potential. The network model of
100 RE cells was similar to that shown in Fig. 12. The top 10 traces represent the activity of 10 neurons in the
network and the bottom trace is their average membrane potential. 20% of NE/BHT synapses were initially activated

(as in Fig. 6). In this condition, the network showed self-sustained oscillations at a frequency of 10-16 Hz and the

average membrane potential displayed waxing-and-waning fluctuations of amplitude. After 2 seconds (first arrow),
all NE/SHT synaptic activity was suppressed; the resulting hyperpolarization prevented the network from sustaining
oscillations. Depolarizing (second arrow) or hyperpolarizing (third arrow) current pulses injected simultaneously in all
neurons (with random amplitude) could not restore spontaneous oscillations. The latter condition might correspond
to the membrane potential of RE cells in vitro. Modified from Destexhe et al., 1994b.

depolarized values. This could be achieved by bath application of NE/5HT agonists in weak concen-
tration to depolarize all RE neurons to the -60 to -70 mV range. Another prediction is that NE/5HT
antagonists should suppress oscillatory behavior in the isolated RE nucleus in vivo. The same results
should also be found in other models of networks of inhibitory neurons displaying rebound bursts
(Wang and Rinzel, 1993; Golomb et al., 1994).
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7 PAROXYSMAL DISCHARGES IN THE THALAMUS

Clinical, electrophysiological and pharmacological studies suggest that some types of generalized
epilepsy could be a perversion of spindle oscillations (see Avoli et al., 1990 for a review; see also
Steriade et al., 1993a). Antagonists of the GABAp receptor have been effective in preventing the
development of spike-and-wave discharges in some animal models (Hosford et al., 1992; Liu et al.,
1992), suggesting that GABAp receptors are critically involved in the cellular mechanisms of this
rhythmicity. This hypothesis was further supported by experiments in ferret thalamic slices in which
the application of GABA 4 antagonists transformed the spindle oscillations into slower and more
synchronized oscillations (von Krosigk et al., 1993), which were abolished by GABAp antagonists.
Although these studies are compatible with the possibility of an intrathalamic GABA g-mediated site
underlying generalized epileptic discharges, the mechanisms that generate these paroxysmal patterns
are still uncertain.

Additional evidence may be found at the cellular level. Both TC and RE neurons display pro-
longed burst discharges following application of convulsants in vitro (Soltesz and Crunelli, 1992; von
Krosigk et al., 1993; Huguenard and Prince, 1994a, 1994b; Bal et al., 1995a). On the other hand,
reinforcing the lateral inhibition in the RE nucleus tends to diminish the occurrence of bust dis-
charges, and has been proposed as a mechanism of action of anti-absence drugs, such as clonazepam
(Huguenard and Prince, 1994a). We have used the thalamic slice model to test possible mechanisms
for the genesis of these abnormal discharges.

The first step was to obtain an accurate model of GABAp currents. In general, strong stimuli are
needed to activate GABAp responses, both in hippocampal (Dutar and Nicoll, 1988; Davies et al.,
1990) and thalamic slices (Soltesz and Crunelli, 1992). When stimulating the RE nucleus, biphasic
(GABA4 and GABAp) IPSPs are evoked in TC cells, and the ratio between peak GABA 4 and
GABA g currents evoked by RE neurons is insensitive to the intensity of the stimulation (Huguenard
and Prince, 1994b) but changes markedly if the discharge of RE cells is enhanced by pharmacological
means (Huguenard and Prince, 1994a, 1994b; Bal et al., 1995a; Sdnchez-Vives et al., 1995).

We recently reproduced the typical features of GABAp responses based on a kinetic model
of the G-protein transduction underlying the activation of K+ channels (Destexhe and Sejnowski,
1995) under the assumption that the independent binding of several G-protein subunits were needed
to activate these KT channels. In the model, a strong stimulus is needed to activate detectable
GABAg-mediated currents. _

We simulated the properties of GABAergic responses in thalamic slices using the bursting model
of RE cells described above (Fig. 14A). Under normal conditions, stimulation of the RE nucleus
evoked biphasic IPSPs in TC cells, with a rather small GABAp component (Fig. 14B). We mimicked
an increase of stimulus intensity by increasing the number of RE cells discharging. The ratio between
the amplitudes of the GABA 4 and GABAp IPSPs was independent of the intensity of stimulation,
but only if the density of GABAergic synapses was low on TC cells. Blocking GABA 4 receptors
locally in the RE nucleus enhanced the burst discharge of these cells, and evoked a more prominent
GABAjg component in TC cells (Fig. 14C).

Following removal of GABA 4-mediated inhibition in the model (Fig. 15), the RE cells produced
prolonged bursts that evoked strong GABAp currents in TC cells (as in Fig. 14C), which in turn
evoked robust rebound bursts in TC cells. The mutual TC-RE recruitment entrained the system into
a 3.5-4.5 Hz slow oscillation, with characteristics similar to those of bicuculline-induced oscillations
observed in ferret thalamic slices (von Krosigk et al., 1993; Bal et al., 1995a, 1995b). The oscillation
was produced by mechanisms similar to those previously described for spindle oscillations, but was
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Figure 14:

Model for the enhancement of the GABA g response in thalamocortical cells through disinhibition in the thalamic
reticular nucleus. A. Connectivity of a simple network of RE cells with GABA 4 receptor-mediated synaptic inter-
actions. All RE cells projected to a single TC cell with synapses containing both GABA4 and GABAp receptors.
The TC cell had no active current in this simulation. B. In control conditions, the bursts generated in RE cells
by stimulation had 2-8 spikes and evoked a GABA 4—dominated IPSP with a small GABAp component in the TC
cell (bottom trace). C. When GABA 4 receptors were suppressed in RE, the bursts became prolonged and evoked a
stronger GABAp component in the TC cell. Modified from Destexhe and Sejnowski (1995).
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Figure 15:

A model of bicuculline-induced oscillations in coupled networks of thalamocortical and thalamic reticular cells. A.
Responses from a network with two TC and two RE cells as in Fig. 8, except that all GABA4 receptors (between
RE cells, and from RE to TC) were suppressed, mimicking the effect of bicuculline. A slow 3-4 Hz oscillation was
obtained as the first TC cell (TC1) started to oscillate, recruiting the two RE cells, which in turn recruited the second
TC cell. The oscillations were more synchronized, of slower frequency, and had a 15% longer silent period than in the
model of spindle waves (Fig. 8). The bursting discharges were prolonged due to the loss of lateral inhibition in the RE.
B. First bursts of the same cells shown at 10 times higher time resolution. Unlike in spindles, the two TC cells burst
in phase. C. Average membrane potentials of slow bicuculline-induced oscillations in a 50 TC and 50 RE network (as
in Fig. 9, with GABA 4 receptors suppressed). The propagating oscillation had a slower frequency and higher degree
of synchrony compared to the spindle oscillations shown in Fig. 9. Modified from Destexhe et al. (1996a).

slower and more synchronized.

The restricted topographic connectivity between the TC and RE layers supported propagating
wave phenomena for the slow oscillations, which were initiated, propagated and terminated by the
same mechanisms that supported spindle oscillations, except that the propagation velocity was
slower and the activity was not organized in distinct clusters, but each burst tended to recruit a
much larger population of cells into prolonged discharges (Destexhe et al., 1996a). Occasionally a
phase shift could be observed but with no preferential direction. These properties are characteristic
of bicuculline-induced oscillations in ferret thalamic slices (Kim et al., 1995).

A similar model also reproduced the increased synchrony and stronger discharges of thalamic
cells following blockage of GABA 4 receptors (Wang et al., 1995). However, this synchronous state
in the model coexisted with a desynchronized state of the network, which has never been observed
experimentally. In a subsequent model (Golomb et al., 1996), robust synchronized oscillations were
obtained by using a GABA p receptor model with cooperative activation, similarly to that in Figs. 14.
This independent modeling study also reached the conclusion that the transition from spindle to
paroxysmal patterns can be achieved provided there was cooperativity in GABAp responses.




June 10, 1996 28

An alternative explanation has been proposed based on the disinhibition of interneurons project-
ing to TC cells with GABAp receptors only (Soltesz and Crunelli, 1992). A model including TC,
RE and interneurons (Wallenstein, 1994b) reproduced the stronger discharges in TC cells following
application of bicuculline. Although it is possible that this mechanism plays a role in thalamically-
generated epileptic discharges, it does not account for the recent experiments showing the decisive
influence of the RE nucleus in preparations devoid of interneurons (Huguenard and Prince, 1994a,

1994b).

8 DENDRITIC CURRENTS IN THALAMIC NEURONS

Thus far, we have shown that single-compartment models of thalamic neurons, provided with a
minimal set of intrinsic and synaptic currents, can account for a large body of phenomena observed
experimentally. Some of the finer details found in intracellular recordings from thalamic cells can
be addressed in models that include more compartments. Using a multicompartment model of the
RE cell, we have tested the hypothesis that I is localized with high densities in the dendrites, and
studied the impact of dendritic I on the responsiveness of the cell.

The models were based on voltage-clamp and current-clamp experiments on RE cells (Destexhe
et al., 1996b): (a) An RE cells was intracellularly recorded in slices and filled with biocytin (Hugue-
nard and Prince, 1992); (b) the morphology of the cell was reconstructed using a computerized
tracing system and the geometry encoded into a multicompartment model; (c) the simulations were
compared directly to the recordings from the same cell and precise values of the parameters obtained
for that cell; (d) more than 90% of the dendrites were removed from the model to simulate acutely
dissociated cells, in which most of the dendrites are removed by the dissociation procedure.

The intact-cell and dissociated-cell models were then used to determine the precise properties
of It in RE cells from voltage-clamp recordings. The procedure was to: (a) estimate the kinetic
parameters of Ir based on recordings on dissociated cells; (b) compare the amplitude of Ir in
dissociated vs. intact cells and use the model to simulate a plausible dendritic/somatic distribution
of the current; (c) simulate voltage-clamp experiments and try to account for the differences between
intact and dissociated cells based on dendritic Ir; (d) analyze the fine structure of the burst; (e)
and simulate sustained synaptic currents in a cell with dendritic I to account for the properties of
these cells in vivo (Contreras et al., 1993).

The results obtained from this combined modeling and experimental study were as follows: (a) A
Hodgkin and Huxley (1952) type model accounted for the activation and inactivation of I7 with rate
constants adjusted to the values observed in dissociated RE cells (see Huguenard and Prince, 1992);
(b) The peak amplitude of Ir was an order of magnitude larger in intact cells than in dissociated
cells, and this behavior could be simulated by assuming high densities of I7 in the dendrites; (c)
The kinetics of I was significantly slower in intact cells, and this property could be simulated only
if the major portion of Iy was located in the distal dendrites; (d) The fine structure of the burst
was typical of RE cells: the bursts were broad, they needed strong current pulses to be evoked, and
the sodium spikes showed an accelerando-decelerando pattern (Fig. 16A); (e) Finally, the dendritic
localization of IT shaped the sensitivity of the cell to synaptic inputs and reproduced the typical
patterns of responsiveness seen in vivo (see below).

The distribution of the membrane potential within an RE cell during the burst is apparent from
the color coding in Fig. 16B. An LTS produced in the distal dendrites progressively “loads” the soma
with current. The soma, in turn, produces sodium spikes that have a limited back-propagation to
the dendrites. The consequence of the distal dendritic localization of I is the slowly-rising phase
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Figure 16:

Model of dendritically-generated bursts in thalamic reticular cells. A. Detail of the somatic and dendritic membrane
potential during a burst. B. Distribution of the membrane potential during the burst as indicated by the color scale.
The 6 successive frames correspond to the 6 circles indicated in A. C. Graded and all-or-none properties of RE bursts.
The successive bursts from left to right were elicited by depolarizing pulses of increasing amplitudes, from -85 mV.
Top row: simulated all-or-none bursts in the intact RE cell with high density of I in distal dendrites. Bottom row:
same simulation, showing the graded nature of the burst in the presence of a constant depolarizing current uniformly
distributed in the dendrites (density of 0.02 mS/em? and -20 mV reversal potential). In the latter case, the number
of action potentials in the burst was proportional to the amplitude of the current pulse. Modified from Destexhe et
al. (1996b).
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of the burst and an accelerando-decelerando pattern of sodium spikes, as observed experimentally in
RE cells (Domich et al., 1986; Contreras et al., 1993).

Perhaps the most important consequence of the dendritic localization of Ir is its influence on
the response of the cell to synaptic inputs. In the absence of other currents, the cell produced an
all-or-none burst response (Fig. 16C—top), typical of recordings in slices. In this case, the multicom-
partment model responded in a way that is qualitatively similar to that of a single-compartment
RE cell. However, in the presence of a sustained depolarizing current in the dendrites, the bursts
developed more gradually (Fig. 16C-bottom). For strong sustained currents, the cell may lose its
ability to generate bursts. These properties are reminiscent of in vivo recordings from RE cells that
show graded burst responses (Contreras et al., 1993). In this case, a single compartment model was
unable to reproduce the results, even qualitatively.

These models and experiments suggest that dendritic T-current plays an important role in RE
cells, especially in vivo. RE cells receive collaterals of almost all thalamo-cortical and cortico-
thalamic fibers. It is possible that, by “sampling” the thalamocortical activity, RE cells adjust

their tendency to produce bursts through an interplay of synaptic and I currents in the dendrites
(Destexhe et al., 1996b).

9 SYNTHESIS

In this section, we synthesize the proposed mechanisms of thalamic rhythmicity that have been
tested by modeling studies and show that they can be integrated into a uniform framework.

SPINDLE RHYTHMICITY IN THE INTACT THALAMUS

In thalamic networks containing intact interactions between TC and RE cells, different models point
to the conclusion that the intrinsic rebound burst properties of TC and RE cells, and the receptor
types involved in the synaptic interactions between them, are a robust excitable system for generating
oscillations (Fig. 17A). The membrane potentials of TC cells are typically around -60 to -70 mV
and they receive strong IPSPs from RE cells. These IPSPs are ideally suited for triggering rebound
bursts in TC cells (Deschénes et al., 1984; Steriade and Deschénes, 1984; Huguenard and Prince,
1994b; Warren et al., 1994; Bal et al., 1995a).

In RE cells, the resting levels of the membrane potential tend to be more hyperpolarized, and
the EPSPs received from TC cells are powerful in generating bursts (Huguenard and Prince, 1992;
Contreras et al., 1993; Huguenard and Prince, 1994b; Warren et al., 1994; Bal et al., 1995a). These
properties create conditions that make the thalamus a highly efficient structure for in generating
bursting oscillations. This scheme is also consistent with the mirror image between TC and RE
bursts in the intact thalamus (Steriade and Llinds, 1988; von Krosigk et al., 1993; Bal et al., 1995a,
1995b).

The waxing-and-waning of spindle oscillations in the thalamus is consistent with the hypothe-
sis that C'a®* regulates the h-current in TC cells (Destexhe et al., 1993a, 1993b). This activity-
dependent mechanism gradually limits the ability of the RE cell to evoke a rebound burst in the T'C
cell, which produces a state that is refractory to bursting. The postulated mechanism was based on
voltage-clamp and current-clamp data in other preparations (Hagiwara and Irisawa, 1989; Schwindt
et al., 1992). After a few consecutive bursts, the Ca?t-induced angmentation of Ij conductance
reduces the tendency of TC cells to produce rebound bursts, which progressively leads to the cessa-
tion of the oscillation. After a silent period of 10-20 s, the spontaneously oscillating T'C cell starts
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Proposed mechanisms for different types of oscillations observed in the thalamic circuitry. Top: Spindle oscillations
at ~10 Hz can result from the interaction between TC and RE cells. The TC cell is maintained at a depolarized level
around -60 mV and the low-threshold spike can be elicited by GABA 4-dominated IPSPs arising from the RE cell. The
RE cell has a more hyperpolarized membrane potential, such that LTSs can be triggered by AMPA-mediated EPSPs
delivered from TC axons. Middle: Another type of oscillation at a similar frequency can occur between RE cells if
they are maintained at a more depolarized level. In this case, LTSs can be produced in the RE cell following GABA 4-
mediated IPSPs arising from neighboring RE cells. ‘Bottom: Paroxysmal oscillations of ~3 Hz can be produced by
TC-RE circuits if intra-RE GABA 4-mediated inhibition is suppressed. In this case the prolonged discharges of RE
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to oscillate and the cycle repeats. This is consistent with the augmentation of conductance in TC
neurons at the end of a spindle sequence (Nuiiez et al., 1992; Bal and McCormick, 1995), and the
after-depolarization observed in the same cells following rebound bursts (Bal and McCormick, 1995).

How are spindles initiated? Spindle waves can be observed in the thalamus in the absence of
cortical or prethalamic inputs, and in slices which lack all inputs. Several hypotheses have been
proposed for the initiation of a spindle sequence. First, a region of the thalamus might be more
excitable and spontaneous firing could start an oscillation (Kim et al., 1995). This is supported by a
report that stimulation of a single RE cell could initiate a spindle wave in the whole network (Kim
et al., 1995). Second, some spontaneously oscillating TC cells in an otherwise homogeneous network
might recruit the whole network into spindle rhythmicity, as demonstrated in the model presented
here. A single initiator TC cells was spontaneously active and recruited the rest of the network into
spindle oscillations. As few as one initiator TC cell is needed in small networks of around a hundred
thalamic cells. Blocking either excitatory or inhibitory transmission would result in a quiescent
network, as observed experimentally (von Krosigk et al., 1993), except for the initiator cells, which
should continue to display intrinsic oscillations. If several TC cells are needed to discharge one RE
cell, then the network must wait for bursts to occur by chance in several TC cells simultaneously.

How are spindles propagated? A recent investigation of spindle waves in ferret thalamic slices
(Kim et al., 1995) demonstrated that these oscillations propagate through the divergence of axonal
connections between TC and RE cells. Models have been explored for how local recruitment could
generate propagating waves of activity (Golomb et al., 1996; Destexhe et al. 1996a). At each cycle of
the oscillation, the spindle propagates as more TC and RE cells are recruited. A steady propagation
occurs if these projections are topographically organized between TC and RE cells, as appears to
be the case from morphological studies (Minderhoud, 1971; Sanderson, 1971; Ohara and Lieberman,

1985; Fitzgibbon et al., 1995; Gonzalo-Ruiz and Lieberman, 1995).
' Recent in vivo multielectrode recrordings in cat association cortex indicate that spindles appear
in near-simultaneity in cortical sites distant up to 7 mm (Contreras et al., 1995). A thalamo-cortical
model indicates that the difference between propagating waves in vitro and simultaneity in vivo
can be reconciled on the basis of the extended cortico-thalamic and thalamo-cortical projections
(Destexhe et al., 1996¢).

How are spindles terminated? There are several possible explanations. First, the observed
refractoriness (Kim et al., 1995) of the thalamic network implies that there is a process that builds
up and subsequently suppresses these oscillations. As proposed previously, an activity-dependent
upregulation of I;, might fill this role (McCormick, 1992; Toth and Crunelli, 1992; Destexhe et
al., 1993b; Bal and McCormick, 1995). Second, the termination might result from the progressive
hyperpolarization of RE cells during a spindle sequence (von Krosigk et al., 1993). Third, there
might be an activity-dependent depression of GABAergic currents (von Krosigk and McCormick,
1992; Kim et al., 1995). Fourth, in vive data indicate that the waning of spindle waves is associated
with a progressive desynchronization of the network (Contreras and Steriade, 1996), although this
could also be a natural consequence of waning properties intrinsic to TC cells.

A model that explored the first of these possibilities was presented above. The proposed up-
regulation of Ij, is consistent with a series of experimental results: (a) A few TC cells can display
intrinsic waxing and waning oscillations (Leresche et al., 1991), and those are sensitive to I, (Soltesz
et al., 1991). These oscillations are characterized by an after depolarization (ADP) that lasts several
seconds (Leresche et al., 1991). (b) A cesium-sensitive ADP was also observed in TC cells follow-
ing a spindle sequence, consistent with an augmentation of Ij conductance (Bal and McCormick,
1995). (c) A progressive diminution of input resistance was measured in TC cells during the spindle
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oscillation in vivo (Nunez et al., 1992). (d) Spindles triggered by electrical stimulation displayed a
refractory period, as observed in vitro (Kim et al., 1995) and in vivo from cortically-elicited spindles
(D. Contreras, A. Destexhe, T.J. Sejnowski and M. Steriade, unpublished results). (e) Colliding
spindle waves do not cross but rather merge into a unique oscillation (Kim et al., 1995). (f) Spin-
dle oscillations can be transformed into sustained oscillations following extracellular application of
cesium (Bal and McCormick, 1995), most likely through a block of I,. Taken together, these data
are consistent with a progressive build-up of I} during the spindle oscillation, until the TC cells
can no longer be sufficiently hyperpolarized for the whole network to continue to oscillate. Whether
this phenomenon is calcium-dependent or due to another second messenger system remains to be
determined.

OSCILLATIONS IN THE ISOLATED RETICULAR NUCLEUS

In our model of the RE nucleus, complete deafferentation produces natural state of quiescence with
hyperpolarized resting potentials close to the reversal potential of GABA 4 IPSPs. Thus, RE cells
interconnected through inhibitory synapses, acting on GABA 4 receptors, may not be able to sustain
rebound bursts without the help of depolarization from other structures. This is consistent with
the recordings in the deafferented RE nucleus in slices, for which spontaneous oscillations were not
reported (Avanzini et al, 1989; Huguenard and Prince, 1992; von Krosigk et al., 1993; Huguenard
and Prince, 1994b; Warren et al., 1994; Bal et al., 1995b).

However, the models further suggest that neuromodulation can make interconnected RE neurons
oscillate in a sustained fashion (Fig. 17B). In the presence of a depolarizing neuromodulatory drive,
such as that provided by noradrenaline, serotonin, or glutamate acting at metabotropic receptors, the
resting level of RE cells is more depolarized (McCormick, 1992). In the model, when neuromodulation
was included, that the same IPSPs that were ineffective in the absence of neuromodulation could
trigger rebound bursts (Destexhe et al., 1994b). Interconnected RE cells therefore can oscillate via
mutual inhibitory interactions if their resting level is sufficiently depolarized (Fig. 17B). This is
consistent with observations of spindle rhythmicity in the isolated RE nucleus in vivo (Steriade et
al., 1987).

In large networks of model RE cells with dense proximal connectivity, a collective oscillation can
be sustained or suppressed, depending on the presence of neuromodulation. Waxing-and-waning was
produced by the alternation of partially synchronized periods of oscillatory behavior with desynchro-
nized periods (Destexhe et al., 1994a). This therefore suggests that spindle rhythmicity can exist in
the isolated RE nucleus, but is based on different mechanisms than the spindles involving TC-RE
interactions.

PAROXYSMAL OSCILLATIONS

Models suggest that several factors are essential to account for paroxysmal burst patterns in the
thalamic circuitry.

First, an oscillation at a frequency of 3-4 H z arises from mutual recruitment of bursts in TC and
RE cells (Fig. 17C). Rebound bursts are elicited following IPSPs in TC cells and EPSPs from TC
cells evoke bursts in RE cells, similar to the mechanism for generating spindle oscillations. However,
burst discharges are prolonged in both type of cells and strong GABAp-dominated IPSPs are seen
in TC cells (Golomb et al., 1996; Destexhe et al. 1996a).

Second, prolonged burst patterns arise in both type of cells following the loss of lateral inhibition
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in the RE nucleus. If this GABA 4-mediated inhibition is suppressed, RE cells produce prolonged
discharges, which in turn evoke strong GABA p-dominated IPSPs in TC cells (Fig 14). These strong
IPSPs are then very efficient for rebound burst generation in TC cells due to a more pronounced
deinactivation of the T-current.

Third, the enhanced GABA g-mediated responses in the model are due to the activation kinetics of
the G-protein cascade underlying GABA g receptor- mediated responses. Strong stimuli are typically
needed to activate detectable GABA p-mediated currents in thalamic (Huguenard and Prince, 1994b;
Sénchez-Vives et al., 1995) and hippocampal slices (Dutar and Nicoll, 1988; Davies et al., 1990).
These observations were reproduced in a model by requiring that several binding sites of G-proteins
are needed to activate the K+ channels associated to GABAp receptors (Destexhe and Sejnowski,
1995).

Taken together, these experimental findings and simulations of models suggest a cellular mecha-
nism that could account for the generation of paroxysmal discharges at around 3 Hz in the thalamus.
Following removal of GABA 4-mediated inhibition, the disinhibited RE cells generate prolonged burst
discharges in response to EPSPs. These prolonged discharges evoke powerful GABA g-mediated IP-
SPs in TC cells, due to the particular properties of GABAp transduction mechanisms. Following
these slow IPSPs, TC cells generate secure rebound bursts which re-excite RE cells and the cycle
restarts. The resulting oscillation is around 3 Hz and exhibits a higher synchrony than that found
in spindle waves.

10 CONCLUSION

Computational studies have been used to explore the mechanisms of thalamic rhythmicity starting
with the seminal model introduced by Andersen and Rutjord (1964), who predicted the significance
of inhibitory rebound bursts. Several models of spindle rhythmicity have been proposed recently
for the isolated reticular nucleus (Destexhe et al., 1994a; Golomb et al., 1994) as well as for the
bidirectional interaction between TC and RE cells (Destexhe et al., 1993b, 1996a; Golomb et al.,
1996). Without firm ties to experimental measurements, however, these models are difficult to verify.
By using computational models based on physiological and biophysical data, it has been possible
to generate plausible hypotheses and decisive predictions to test them. We have shown here how
experimental data from different preparations, sometimes with apparently contrasting results, can
be reconciled and used to illuminate different facets of the same framework.
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